Aptitude for and proficiency in acquiring new languages varies in the human population but their neural bases are largely unknown. We investigated the influence of cortical thickness on language learning predictors measured by the LLAMA tests and a pitch-change discrimination test. The LLAMA tests are first language-independent assessments of language learning aptitude for vocabulary, phonetic working memory, sound-symbol correspondence (not used in this study), and grammatical inferencing. Pitch perception proficiency is known to predict aptitude for learning new phonology. Results show a correlation between scores in a grammatical meaning-inferencing aptitude test and cortical thickness of Broca's area (r(30) = 0.65, p = 0.0202) and other frontal areas (r(30) = 0.66, p = 0.0137). Further, a correlation was found between proficiency in discriminating pitch-change direction and cortical thickness of the right Broca homologue (r(30) = 0.57, p = 0.0006). However, no correlations were found for aptitude for vocabulary learning or phonetic working memory. Results contribute to locating cortical regions important for language-learning aptitude.
Introduction
It is becoming increasingly evident that language learning reshapes the brain (Li, Legault, & Litcofsky, 2014) . Cortical thickness has been shown to increase in language-related areas as students learn a new language (Mårtensson et al., 2012) . However, less is known about how the cortical anatomy prior to training influences the learning of language skills although it has been suggested as a research focus (Golestani, 2012) . A better understanding of the extent to which the brain uses similar strategies and neural substrates for native language processing and second language acquisition is also important for the development of language-teaching methods. Measures of cortical anatomy such as cortical thickness are measurable using magnetic resonance imaging (MRI) that produces images with grey/white matter contrast. This study aims to further our understanding of how the brain acquires new language-related knowledge by assessing the relationship between measures of language learning aptitude, pitch discrimination and cortical thickness in a spatially unbiased whole-brain analysis.
Differences in how easily people learn new languages can be assessed in aptitude tests (Carroll & Sapon, 1959; Meara, 2005) . The LLAMA tests (Meara, 2005) are native language-independent, computer-based assessments of aptitude for learning foreign languages. The LLAMA tests consist of four sub-tests, each assessing aptitude for a different language learning modality: written vocabulary (LLAMA B), phonetic memory (LLAMA D), sound-symbol correspondence (LLAMA E), and grammatical inferencing (LLAMA F). In studies of L2 attainment, LLAMA test scores have been found to correlate with scores in grammaticality judgment tests (Abrahamsson & Hyltenstam, 2008) , morphosyntactic attainment (Granena, 2012) , collocation knowledge (Forsberg Lundell & Sandgren, 2013; Granena & Long, 2013) , and pronunciation (Granena & Long, 2013) . Since the goal of the present study did not involve investigation of orthographic knowledge, we excluded the LLAMA E subtest focusing on sound-symbol correspondence. Suspected cortical areas that influence the LLAMA B scores measuring the associative learning of written words to pictures include bilateral posterior supramarginal gyrus in which the grey matter density has been shown to be proportionally related to size of vocabulary (Lee et al., 2007) . In an fMRI experiment, phonological working memory, recruited in the LLAMA D test, has been found to involve the superior temporal gyrus (STG), supplementary motor area, and inferior frontal gyrus (IFG) (Perrachione, Ghosh, Ostrovskaya, Gabrieli, & Kovelman, 2017) . Higher LLAMA F scores have been associated with higher white matter connectivity in the left than right tract between Brodmann area (BA) 45, part of Broca's area, and the posterior temporal lobe (Xiang, Dediu, Roberts, Oort, Norris, & Hagoort, 2012) . As shown in fMRI and lesion studies, Broca's area in the left IFG (LIFG) modulates grammar processing, with BA 45 more involved in processing local relations, and relating morphology, and morphosyntax to grammatical meaning, and BA 44 more focused on processing syntax (Goucha & Friederici, 2015; Marslen-Wilson & Tyler, 2007) . Cortical thickness in LIFG increases when children learn a second language (Klein, Mok, Chen, & Watkins, 2014) . Studies assessing the relation between cortical thickness and LLAMA test scores have not been reported prior to this study, despite associations between cortical thickness and other cognitive measures such as general intelligence (Haier, Jung, Yeo, Head, & Alkire, 2004; Karama, Ad-Dab'bagh, Haier, Deary, Lyttelton, Lepage, Brain Development Cooperative Group, 2009; Menary et al., 2013) , as well as the known increase in cortical thickness of Broca's area during childhood (Sowell et al., 2004) .
Proficient pitch perception is known to facilitate learning to perceive and produce new phonological patterns (Posedel, Emery, Souza, & Fountain, 2011; Slevc & Miyake, 2006) , but proficiency in processing pitch is not tested in the LLAMA tests nor in other aptitude tests. Pronunciation proficiency in a learned second language has been seen to be associated with less activity as well as greater gray matter volume in a left hemisphere perisylvian network (Reiterer et al., 2011) . Pitch variation can convey aspects of grammar such as morphosyntactic (Roll et al., 2015; Söderström, Horne, & Roll, 2017) and lexical information (Wang, 1973) . The ability to discriminate variations in pitch is closely connected to cortical structures in the right hemisphere, involving the homologue of Broca's area as well as auditory cortex, the intraparietal sulcus, anterior middle frontal gyrus, and premotor cortex (Friederici & Alter, 2004; Zatorre, Belin, & Penhune, 2002) . Interestingly, persons with amusia have a thicker cortex in frontal and temporal areas of the right hemisphere (Hyde et al., 2007) . These results are of interest in investigating aptitude for acquisition of tone languages since languagerelated tones, like musical tones, are thought to be processed by the same brain areas, at least during early stages of language acquisition (Gosselke Berthelsen, Horne, Brännström, Shtyrov, & Roll, 2018) . We tested proficiency in discriminating direction of pitch change, since this is of importance in learning intonation patterns and lexical tones. Prior to testing, subjects' hearing was assessed using fixed-frequency Békésy audiometry in order to be able to exclude participants with hearing deficiencies. Proficiency in pitch-discrimination was assessed using an in-house test developed to measure the minimum difference in pitch needed to judge the direction of a pitch change.
The aim of the present study was to investigate the relationship between cortical thickness and language learning aptitude, assessed using the LLAMA tests B, D and F, as well as proficiency in pitch discrimination, which can be thought to be a sub-component of language learning aptitude. Cortical thickness was measured from T1-weighted MRI images as the shortest distance between the white-gray matter boundary and the gray matter-cerebrospinal fluid boundary using the freely available software suite Freesurfer. In order not to impose any bias to any specific cortical area in our analysis, a whole-brain analysis was performed and all significant clusters reported.
Results
The score from the LLAMA F grammatical inferencing aptitude test correlated positively with cortical thickness in the left IFG pars triangularis (LIFGpt) part of Broca's area (r(30) = 0.65, p = 0.0202) and left medial superior frontal gyrus (LMFG) (r(30) = 0.66, p = 0.0137) (Fig. 1 , Table 1A ). All reported correlations include age and intracranial volume (ICV) as covariates and were clusterwise corrected for multiple comparisons (p-values computed from the correction method). No significant correlations between cortical thickness and scores from the LLAMA B or D tests were found. Analysis of the pitch discrimination test scores showed that the minimum pitch difference a subject needed to discriminate pitch change direction correlated positively with cortical thickness in the right inferior frontal gyrus pars triangularis (RIFGpt) and rostral middle frontal gyrus (RMFG) (r(30) = 0.57, p = 0.0006) (Fig. 2 , Table 1B ). This indicates that participants with a thicker cortex in the right homologue of Broca's area (RIFGpt) and RMFG performed worse in discriminating pitch change direction.
Discussion
We found that cortical thickness in LIFGpt and LMFG correlates with the ease with which a person can identify grammatical form-meaning patterns in a foreign language as measured in the LLAMA F test. LLAMA F involves inferring grammatical meaning associated with linear wordinternal morpheme order, classifiers and inflections, all part of the supposed role of LIFGpt (Goucha & Friederici, 2015; Petersson & Hagoort, 2012; Marslen-Wilson & Tyler, 2007) . Associating morphosyntactic form and meaning requires grammatical inferencing which can be assumed to be a general analytical language ability. LMFG is known to be engaged in deductive reasoning (Goel, Gold, Kapur, & Houle, 1997) crucial to the analytical skills required in the LLAMA F test. Results show no connection between cortical thickness and aptitude for the remaining LLAMA subtests (B and D). Cortical thickness can be expected to constitute a reliable predictor of skills that primarily engage a brain area specialized in associating different kinds of information. This finding would suggest that aptitude for grammatical inferencing involves a less distributed neural substratum than aptitude for vocabulary learning or phonetic memory but a more specific substratum where grammatical form-meaning associations are made. One could well expect that understanding auditory linguistic stimuli or learning novel vocabulary rely on different cognitive functions such as attention, relating input to experience and hearing ability. LLAMA B and D scores could perhaps then be better related to the brain using techniques that are capable of detecting patterns in neuronal activity, e.g. resting state fMRI and electroencephalography (EEG). It has been shown that the hemispheric asymmetry in gray-matter volume in the IFGpt correlates with performance on grammaticality judgments (Nauchi & Sakai, 2009 ). Our results for cortical thickness are also in line with the finding of Xiang et al. (2012) who found significant correlations for LLAMA F score for measures of structural connectivity between BA45, an area that overlaps with IFGpt, and the posterior temporal lobe as well as between BA6 and the posterior temporal lobe. Connectivity of white matter tracts originating from Broca's area has further been found to predict aptitude for artificial grammar learning (Flöel, de Vries, Scholz, Breitenstein, & Johansen-Berg, 2009) .
In contrast to the results of the grammatical inferencing task, results from the test of pitch direction discrimination proficiency showed that a greater cortical thickness in RIFG correlated with a decrease in performance in the discrimination task. Unlike grammatical inference, which involves processing many different kinds of parameters associated with linear word-internal morpheme order, classifiers and inflections, discrimination of tonal direction involves decision-making associated with only the parameter of pitch. Cortical thickness in RIFG and the right auditory cortex is negatively correlated with musicality score (Hyde et al., 2007) . The indication that a thicker cortex in RIFG is associated with congenital amusia is interpreted by the authors as a result of a less functional neuronal environment due to insufficient pruning of neurites or disturbances to normal neural migration during the development of the cortex. Neuritic pruning and myelinization have been suggested as explanations for why thinning of the cortex is associated with a richer acquired vocabulary in children and adolescents (Porter, Collins, Muetzel, Lim, & Luciana, 2011; Sowell et al., 2004) . In contrast to the previous findings for amusia, our results for pitch discrimination proficiency do not correlate with cortical thickness in right auditory cortex, but in RIFG. This can be interpreted as indicating that proficiency in judging direction of change in pitch level is specifically associated with the RIFG. The pitch discrimination test included in the present study is intended to provide information that reflects a specific ability that can be important for learning languages. This would also be a step towards disentangling what in musical ability is associated with aptitude for learning new receptive and productive phonology (Slevc & Miyake, 2006) . Future studies focusing on acquisition of tone and intonation will provide important information as to the possible place of a specific pitch processing skill component in the general theory of aptitude for language learning.
Interpreting our results in terms of cognitive load theory (Sweller, 1988) leads us to speculate that performance in tasks involving low cognitive load shows an inverse relation with cortical thickness due to demands on neuronal network efficiency. A thinner cortex could mean a more streamlined design for one type of task or input that can be represented with fewer connections and/or cells. Skills involving a high cognitive load, on the other hand, can be assumed to benefit from a neural environment capable of adapting to variations in input and associations between different kinds of information and therefore show a positive correlation with cortex thickness. Previous studies have shown that musicians with absolute pitch have thinner cortex in RIFG pars opercularis, anterior middle frontal gyrus, and premotor cortex (Bermudez, Lerch, Evans, & Zatorre, 2009 ). In addition, it has been seen that event-related potentials related to basic auditory processing negatively correlate with cortical thickness in the right supratemporal plane (Liem, Zaehle, Burkhard, Jancke, & Meyer, 2012) . Conversely, a positive correlation has been found between cortical thickness in left planum temporale and pars opercularis of LIFG and speed in associating language tones with grammatical endings (Schremm et al., 2018) , a task which can be assumed to induce a high cognitive load. Likewise, cortical thickness in various cortical areas has been seen to correlate positively with general intelligence measures (Menary et al., 2013) . The LLAMA F test requires participants to infer how the morphosyntactic units and descriptive figures interact. In the pitch discrimination task, however, participants are instructed to determine how two elements of the same kind (tones) relate to each other. Degree of element interactivity is a driver of cognitive load (Paas, Renkl, & Sweller, 2003; Sweller, 1988) . Hence, the LLAMA F test, involving interaction of several elements, can be assumed to induce a higher cognitive load than the pitch discrimination test. A possible generalization based on both previous studies and results presented in this study could be that skills involving a higher cognitive load require a richer representation of the problem to solve, thus necessitating larger and more intricate networks of cells, leading to a thicker cortex, while skills associated with relatively low cognitive load benefit more from fast processing in a relatively thinner, more specialized cortical structure.
By learning more about which neural substrates contribute to language learning aptitude, research on enhancing learning or the impact of neurodevelopmental disorders from a neurophysiological perspective is made possible. The correlations with LLAMA F scores in anterior Broca's area could provide such information but the lack of correlations for the LLAMA B and D scores could indicate that vocabulary or implicit phonetic memory can be taught in many different ways whereas grammatical meaning inferencing is a skill that more heavily relies on specific cortical areas. Speculating, this could indicate that more resources might have to be concentrated on one way of learning grammatical meaning inferencing while students probably acquire vocabulary and speech pattern recognition best overall if they are offered a plentitude of learning methods. In summary, our results indicate that the cortical thickness of LIFGpt and LMFG has importance for proficiency in grammatical meaning inferencing skills and the cortical thickness of the RIFG for accurate pitch direction comparison. The results are in line with findings showing a tendency for complex skills associated with a high cognitive load to be aided by a thicker cortex, whereas skills involving a relatively low cognitive load instead benefit from a thinner, more specialized cortex. These findings contribute to extending our understanding of the relationship between cortical architecture and aptitude for language learning.
Method

Subjects
44 right-handed healthy volunteers (20-32 years of age) were recruited. 24 (12 female, 12 male) of the subjects were native speakers of Swedish and 20 (9 female, 11 male) were native speakers of German. Handedness was assessed through the Edinburgh Handedness Inventory (Oldfield, 1971) .
Audiometry
Fixed-frequency Békésy audiometry was used to estimate subjects' pure tone hearing thresholds for frequencies 250, 500, 1000, 2000, 4000, and 8000 Hz using a GN Otometrics Astera audiometer and a pair of circumaural sound attenuating Sennheiser HDA 200 earphones. The stimuli consisted of pulsed pure tones gated on 250 ms with 250 ms silent interval between presentations and a 2 dB intensity rate change per second was used. Six reversals were recorded per frequency and the threshold at each test frequency was calculated as the mean of these six reversals. The calibration of this set-up was made using a Brüel and Kjaer 2231 sound level meter with a 4134 microphone in a 4153 artificial ear according to IEC 60318-2 and ISO 389-8 (IEC, 1998; ISO, 2004) . All subjects had normal hearing defined as pure-tone hearing thresholds < 20 dB hearing level (ISO, 2004) for all presented frequencies.
Magnetic resonance imaging scans
MRI was performed with an actively shielded 7T scanner (Achieva, Philips, Best, Netherlands) equipped with a dual transmit head coil and a 32 channel receive phased-array head coil (Nova Medical, Wilmington, MA). In order to address inherent inhomogeneities due to the high field strength, one T1 and one proton density (PD) weighted volume were acquired using 3D magnetization-prepared rapid gradient echo (MPRAGE) sequences with field of view = 200 × 252 × 190 mm 3, repetition time = 5 ms, echo time = 2 ms, flip angle = 6°, inversion pulse delay = 1200 ms, and repetition time = 6 ms, echo time = 2.5 ms, flip angle = 7°, respectively. This approach is based on the concept of MP2RAGE (Marques et al., 2010) . Dielectric pads were used to reduce the effect of B1-field inhomogeneities (Teeuwisse, Brink, & Webb, 2012) . Data from 7 (1 female, 6 male) Swedish and 3 (1 male, 2 female) German native speakers, were discarded from further analysis due to image artifacts.
Image analysis
For each subject, the PD-weighted volume was registered to the T1-weighted volume. Subsequently, the T1-weighted volume was divided by the PD-weighted and improved nonparametric nonuniform intensity normalization bias field correction was applied (version 2.1.0.post685-g86e09) (Tustison et al., 2010) .
Cortical reconstruction and volumetric segmentation was performed with the Freesurfer image analysis suite v6.0. The technical details of these procedures have been described elsewhere Fischl & Dale, 2000; Fischl, Liu, & Dale, 2001; Fischl et al., 2002; Fischl, Sereno, Tootell, & Dale, 1999; Han et al., 2006; Reuter, Rosas, & Fischl, 2010; Reuter, Schmansky, Rosas, & Fischl, 2012; Ségonne et al., 2004) . Cortical thickness data from each subject was transformed into Freesurfer common space, fsaverage, before a 10 mm full width at half maximum Gaussian spatial smoothing kernel was applied.
Pitch perception & language aptitude tests
The LLAMA tests were developed with the ambition of assessing the aptitude of learning a foreign language, independent of the first language of the test-taker (Meara, 2005) . Of the four available tests, participants in the present study completed LLAMA B, D, and F. The task in LLAMA B consists of memorizing words (letter strings) associated with pictures. Phonetic memory is assessed in LLAMA D by presenting the test-participants with 10 spoken foreign words after which they listen to another set of words and report which words are familiar and which are not. LLAMA F focuses on the ability to infer the grammatical meaning of morphosyntactic units on the basis of sentences describing events illustrated by pictures. 20 pictures of bipedal figures of different colors at no or different relative positions to a rectangular block are presented in a 5 min training phase during which the test takers are allowed to take notes. After training, novel pictures are presented along with two sentences, one correct and one incorrect, and the participant is asked to choose which one he or she believes to be correct in the target language.
Since proficiency in pitch discrimination is not evaluated in the LLAMA tests, the present study chose to assess it using an in-house developed computer-based test in which subjects listened to two tones in succession that differed in pitch. The first tone was always 550 Hz. The difference in pitch ranged from 30 to 0.25 Hz. Subjects were asked to judge whether the second tone was higher or lower in pitch than the first and were informed on the validity of their answer. If the number of correct answers was more than three above the number of false ones at a given point in the test, the difference in pitch was reduced, while if the number of false answers was above the number of correct ones, the difference in pitch was increased. The score used for analysis was the minimal pitch difference reached after 100 repetitions. This score was taken as a measure of the minimum pitch difference a subject needed to discriminate pitch change direction: the lower the score, the greater the proficiency in pitch discrimination.
Experimental design and statistical analysis
A separate correlation analysis was performed for each behavioral measure. Cortical thickness is known to decrease with age (Thambisetty et al., 2010) . Moreover, brain size is positively correlated with cortical thickness (Im et al., 2008) . To take into account these effects, age (in years), and ICV, given from Freesurfer output, were included as covariates. Clusters in which cortical thickness correlated with grammar aptitude scores or pitch discrimination threshold underwent comparison to cluster size limits derived from Monte Carlo simulation based multiple comparison correction using a cluster-wise threshold of p < 0.05 (Hagler, Saygin, & Sereno, 2006) . Following recommendations for reporting fMRI results, the statistics for the maximum vertex in the clusters were reported (Poldrack et al., 2008) .
Statement of significance
We found that cortical thickness in Broca's area and its right homologue are associated with grammar learning aptitude and skill in pitch discrimination, both of importance for language learning. For the first time, we show that cortical thickness can be an important factor underlying language learning aptitude.
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